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ABSTRACT: The recent demonstration that Rubisco activity in phytoplankton is regulated in response
to changes in irradiance allows development of a mechanistic model of the photosynthetic response to
fluctuating irradiance. The model was used to predict photosynthetic responses during mixing in estu-
arine systems, the only environments in which the rate of change of irradiance is likely to occur on time
scales comparable to induction of photosynthesis. Non-steady-state rates of photosynthesis were calcu-
lated based on the lags associated with activation and deactivation of Rubisco in response to an
increase or decrease in wrradiance. Non-steady-state rates were compared with steady-state rates, cal-
culated assuming an instantaneous change in photosynthetic response to a change in irradiance. Sim-
ulations were run for a deep, relatively clear estuary and a shallow, turbid estuary, using input para-
meters measured in Delaware Bay (DE, USA) and San Antonio Bay (TX, USA), respectively. When
estimates of production are based on steady-state rates of photosynthesis, the model predicts average
overestimates of 14 % in the former and 22% in the latter Sensitivity analyses show that, within the
range of reported values, the model is more sensitive to changes in turbidity than to changes in the
depth of the mixed layer, incident irradiance or diffusivity. When compared with published data, the
model tended to overestimate the reduction in photosynthesis in the deep bay condition, possibly
because of a compensating increase in photosynthesis due to alleviation of feedback limitation by mix-
ing. In contrast, the model provided reasonably accurate estimates in the shallow bay condition. This
suggests that while induction is unlikely to impose a constraint on production in relatively deep and
clear estuaries such as Delaware Bay, it may impose a severe constraint in the shallow, turbid estuaries

typified by San Antonio Bay.
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INTRODUCTION

One of the characteristics that distinguish estuaries
from the coastal and open ocean is the rate at which
their flora are mixed through the photic zone. On the
continental shelf, where the photic zone might be 50 m
deep and the coefficient of vertical diffusivity about 5 x
1073 m? 5! (50 cm? s7'), a phytoplankter entrained in
the mixed layer would traverse the photic zone, and so
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the full gradient of irradiance in the mixed layer, in
about 3 d. In an estuary with a photic zone 2 m deep,
an entrained phytoplankter would traverse the same
range of irradiances in 13 min, given the same mean
diffusivity. Even more rapid transients in irradiance
are likely to be common in shallow, turbid estuaries
such as the lagoonal bays that lie behind barrier
islands on the Atlantic and Gulf coasts of the United
States. In these shallow waters, the photic zone may be
less than 0.5 m deep because of resuspension of sedi-
ment by wind-driven mixing (Gabrielson & Lukatelich
1985, Pejrup 1986, Arfi et al. 1993), tides (Litaker et al.
1987, Cloern et al. 1989), or anthropogenic activity
(Anderson 1976, Garrad & Hey 1987) and phytoplank-
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ton may be mixed through most of the photic zone in 3
to 4 min (MacIntyre 1993). Shallow and turbid bays can
be moderately to highly productive {Randall & Day
1987, Boyer et al. 1993, MacIntyre & Cullen 1996),
although a gradient of decreasing production with
increasing turbidity has been demonstrated in the
Dutch Waddensee (The Netherlands; Cadée & Hege-
man 1974), San Francisco Bay (USA; Cole & Cloern
1984), Bristol Channel (UK; Joint & Pomeroy 1981),
Delaware Bay (DE, USA; Pennock & Sharp 1986),
Fourleague Bay (LA, USA; Randall & Day 1987) and
the Neuse River Estuary (NC, USA; Boyer et al. 1993).

The photosynthesis-irradiance relationship, which is
the basis for many estimates of productivity by phyto-
plankton, is very noisy under conditions where the
light field fluctuates (Marra & Heinemann 1982, Kirk-
patrick et al. 1990). Several studies have examined the
effect that fluctuations in the light field have on pro-
ductivity, imposing changes that range from the high-
frequency fluctuations caused by wave-focusing
(Fréchette & Legendre 1978) to simulations represen-
tative of Langmuir circulation (Marra 1978a, b, Yoder
& Bishop 1985, Randall & Day 1987, Mallin & Paerl
1992) or turbulent mixing {Gallegos & Platt 1982). One
cannot generalize the effect of mixing because the
mixing regime has variously been shown to enhance
(Marra 1978a, b, Mallin & Paerl 1992), reduce (Randall
& Day 1987) and have no effect on (Gallegos & Platt
1982, Yoder & Bishop 1985) productivity relative to a
static control.

Data collected by Marra (1978a, b), Marra & Heine-
mann (1982) and Cullen & Lewis (1988) have been the
basis of several models that relate photosynthesis to
changes in irradiance (Neale & Marra 1985, Denman &
Marra 1986, Pahl-Wostle & Imboden 1990, Franks &
Marra 1994, Barkmann & Woods 1996). These have in
common that they have focused on the time depen-
dence of light-saturated rate of photosynthesis but, with
the exception of the DYPHORA model (Pahl-Wostle &
Imboden 1990}, the time constants that are incorpo-
rated are characteristic of photoacclimation, photoinhi-
bition or both. These processes are associated with the
breakdown and synthesis of cellular components,
processes that occur over a period of hours (Cullen &
Lewis 1988, Kromkamp & Limbeek 1993). Conse-
quently, the time constants embedded in the empirical
models match the time scales of mixing in nearshore
systems, where the rate of change of irradiance is com-
paratively slow, but may not describe the responses in
estuarine environments, where the rate of change can
be very rapid.

The mechanisms that underlie photosynthetic res-
ponses to variable light fields have also been examined
in vascular plants. The focus of this research has been
on the frequencies of response to sun-flecks, the

changes in irradiance that arise in the understory when
there are movements in the plant canopy overhead,
and to the appearance of holes in the canopy (Pearcy
1990, 1995). The time scales of these are likely to
be much faster and much slower, respectively, than
changes assoclated with mixing in an estuarine system
and the amplitudes much lower. However, research on
vascular plants has also elucidated some of the changes
that occur during photosynthetic induction. One of the
limiting steps is likely to be the light-sensitive activa-
tion and deactivation of ribulose-1, 5-bisphosphate oxy-
genase/carboxylase (Rubisco), the enzyme that cataly-
ses carboxylation in the Calvin cycle (Woodrow & Mott
1989, Lan et al. 1992, Sassenrath-Cole et al. 1994). In
contrast to photoacclimation, this level of regulation de-
pends on the activity of the pool of enzyme rather than
the size of the pool and proceeds at rates that may
match the rate of change in irradiance for a cell mixed
through the water column in an estuary.

The demonstration that Rubisco activity is regulated
in response to changes in irradiance (Maclntyre et al.
1996) and measurement of the time constants associ-
ated with activation and deactivation of the enzyme
(MacIntyre 1996) allow us to develop a mechanistic
model for examining the effects of rapid fluctuations in
irradiance characteristic of an estuarine environment.
The model is based on the regulation of Rubisco in
both cultures of marine diatoms and a natural assem-
blage dominated by Skeletonema costatum and is
tested under conditions that are characteristic of a rel-
atively deep, clear estuary and a shallow, turbid estu-
ary. Comparisons of the model's predictions with pub-
lished data suggest that induction may place a severe
constraint on photosynthesis in turbid waters.

THE BASIS OF THE MODEL

A number of mechanisms associated with the
processes of photosynthesis, photoinhibition, photo-
protection and photoacclimation operate to modulate
the photosynthesis-irradiance response on time scales
of seconds to days. This model is restricted to a consid-
eration of the light-sensitive activation and deactiva-
tion of Rubisco. The model is based on the following
assumptions: (1) Rubisco activity is regulated in
response to changes in irradiance; (2) the light-satu-
rated rate of photosynthesis is determined by the max-
imum activity of Rubisco; (3) the rate at which photo-
synthesis is induced (i.e. the rapidity with which the
photosynthetic rate rises after an increase in irradi-
ance) is limited by the kinetics of Rubisco's activation;
and (4) the reduction in the rate of photosynthesis that
occurs when irradiance falls can be described by the
kinetics of Rubisco’s deactivation.
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Data to test these assumptions were collected on
cultures of marine diatoms and a diatom-dominated
assemblage from Delaware Bay.

MATERIAL AND METHODS

Culture conditions. Cultures of the diatoms Phaeo-
dactylum tricornutum, Thalassiosira weissflogii and T.
pseudonana were grown in offshore seawater enriched
to {/2 nutrient concentrations with 100 uM silicate (Guil-
lard 1975). The cultures were grown on a 12:12 h
light:dark cycle (T. weissflogii) or under continuous light
(P. tricornutum and T. pseudonana) of 180 nmol photons
m=2s7'at 20 + 0.5°C. The cultures were stirred and bub-
bled with air that was passed through an activated char-
coal filter and a 0.2 pm pore Acrodisc filter before enter-
ing the culture vessels. Samples were monitored daily for
chlorophyll content, cell number and fluorescence in
vivo (F,/F,, as determined from dark-adapted fluores-
cence in the presence and absence of 30 yM DCMU
3-(3,4-dichlorophenyl)-1,1-dimethylurea) and were
maintained in exponential phase growth.

Determination of photosynthetic rates. Photosyn-
thesis-irradiance (PI, see Table 1 for abbreviations)
curves were determined from the variation in short-
term photosynthetic rates over a range of irradiances at
the growth temperature (Lewis & Smith 1983). Sam-
ples were inoculated with 5 pCi ml™! of NaH"CO4
(58 Ci mol”!, Amersham CFA.3) and incubated for

20 min. The incubation was terminated by adding 50 pl
of formalin to each aliquot and residual inorganic car-
bon was driven off by addition of 250 ul of 6 N HCI and
shaking for 60 to 90 min. Incorporation of *C label was
determined by liquid scintillation counting. The PI
curve was determined by non-linear least-squares fit-
ting to the following model (Webb et al. 1974):

chl _ pch o T
P Pg Ll exp|ﬂ\ 5

m

chlI ‘—I N Pcm (1)
chl ]| 0
where PV [g C (g chl)™! h™'] is the chlorophyll-specific
rate of photosynthesis at irradiance I (pmol photons
m~2s71); P [g C (g chl)"! h™'] is the light-saturated rate
of photosynthesis; a® [g C (g chl)™! (umol photons
m~?)"*] is the initial slope of the PI curve; and P§M[g C
(g chl)™' h7!] is an intercept parameter included to
improve the distribution of residuals at low irradiances.
The variation in photosynthetic rates over time dur-
ing induction was determined as described by Mac-
Intyre et al. (1996). Briefly, a 40 ml aliquot of sample
was dark-adapted for 60 to 90 min and then enriched
with 5 pCi ml"! NaH'CO; and allowed to equilibrate
for 5 min. The sample was then returned to saturating
irradiance and successive 1 ml aliquots removed and
killed with 150 ul of formalin. Aliquots were removed
every 15 s for 5 min and then every 60 s for a further
15 min. Incorporation was determined as described
above. The change in rate of carbon fixation was
assumed to follow a first-order rate reaction. The time
constant for photosynthetic induction was determined

Table 1. Symbols, terms and abbreviations used in the text

Symbol Definition Units

AfM Minimum (i.e. dark-adapted) rate of Rubisco activity in vitro g C(gchlyth!
AL Maximum rate of Rubisco activity in vitro gCl(gchl)thn!
A’ Instantaneous rate of Rubisco activity Dimensionless
oM Initial slope of the PIcurve g C (g chl)™! (umol photons m™?)!
I Saturation parameter of the PJ curve, = P5/g<M pmolm™2s7!

I Incident irradiance pmol m2s7!

I, Irradiance at depth z pmol m?s!

k Diffuse attenuation coefficient m!

K, Coefficient of vertical diffusivity m2s!

Pl Photosynthesis vs irradiance

peht Maximum rate of photosynthesis at steady state g C(gchl)j'h!
A Maximum rate of photosynthesis in the absence of feedback limitation g C(gchly ' h!
sp* Rate of photosynthesis, assuming steady-state (instantaneous) response Dimensionless
np* Rate of photosynthesis, assuming non-steady-state (delayed) response Dimensionless
R™s Achieved photosynthesis, ratio of "P* to *P" integrated over time Dimensionless
Ta Time constant of activation of Rubisco during a dark-light transition min

Ta Time constant of deactivation of Rubisco during a light-dark transition min

T, Time constant of photosynthetic induction during a dark-light transition min

z Depth m

Zai Depth of the photic zone, =1n{0.01}/k m

Zn Depth of the mixed layer m
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by non-linear least-squares fit to the following equa-
tion (see Appendix 1 for derivation):

Ch - ekl tp(\/'ll:'.hl - P} l—eXp‘ -t ljl (2)
N Tp /

where C% [g C (g chl)™!] is the chlorophyll-specific
amount of carbon fixed at time ¢ (min) after the shift
into saturating irradiance; P™and V,$" [g C (g chl)™!
h~!] are the initial and light-saturated rates of photo-
synthesis; and 1, (min) is the time constant that charac-
terizes the increase in the rate of photosynthesis over
time. Note that the light-saturated rate of photosynthe-
sis, VP is distinguished from that obtained in Eq. (1),
P, because of a bias that may arise from the 2 distinct
operational definitions. The 2 measurements may dif-
fer considerably (Maclntyre et al. 1996).

Determination of Rubisco activity. Rubisco activity
was determined in vitro in crude cell extracts. Small
(10 to 30 ml) aliquots were collected onto GF/F filters
under low irradiance, flash-frozen and stored in liquid
nitrogen until assay. Rubisco activity was assayed in
crude extracts after extraction by vigorous grinding in
a tissue homogenizer for 40 s in 2 ml of extraction
buffer. After grinding, the slurry was centrifuged at
13900 x g for 10 s to remove debris, and 150 pl of the
supernatant assayed for Rubisco activity in 500 ul of
assay buffer. The extraction buffer was 50 mM Bicine,
pH 8.0, with 20 mM MgCl,, 100 uM NaHCO;, 1 mM
EDTA (ethylenediaminetetraacetic acid), 10 mM DTT
(dithiothreitol), 0.2% Triton-X-100 and 15 mg ml™!
PVPP (polyvinylpolypyrrolidone). The assay buffer
was 50 mM Bicine, pH 8.2, with 20 mM MqgCl,, 20 mM
NaHCO; 1 mM EDTA, 10 mM DTT, 3.5 mM RuBP
(ribulose-1, 5-biphosphate) and 20 nCi ml™* NaH¥CO;.
The reaction was stopped after 60 s by adding 500 nl of
6 N HCI The samples were shaken for 60 to 90 min to
remove residual inorganic carbon and incorporation
was determined by liquid scintillation counting.
Uptake rates were expressed relative to the chloro-
phyll concentration in the crude extract.

Time constants for deactivation of Rubisco were
determined by dividing a sample into ten 40 ml
aliquots that were pre-incubated at saturating irradi-
ance for 30 min and then put into darkness. Successive
aliquots were filtered and frozen in liquid nitrogen
every 5 min for 60 min. Sample processing took ca 40 s
and was done under low irradiance (<5 umol m™2 s71),
The decline in Rubisco activity was fit by non-linear
least-squares regression to a first-order rate equation.
=t

- Ai")exp — |+ A (3)
\Tgq /

Afl'ul = (ACI]

where A% [g C (g chl)™ h™}] is Rubisco activity at time ¢
(min) after the shift into darkness; A5 and A§"[g C (g

chl)™' h7'] are the light-saturated and minimum activi-
ties, respectively; and 14 (min) is the time constant that
characterizes the decrease in activity over time.

The time constant for activation of Rubisco was
determined by dividing a sample and treating it as for
determination of deactivation (pre-incubation at satu-
rating irradiance for 30 min followed by incubation in
darkness for 60 min) and then returning it to saturating
irradiance. Successive aliquots were filtered and
frozen every 60 s for 10 min and every 120 s for 10 min
thereafter. The increase in Rubisco activity was fit by
non-linear least-squares regression to a first-order rate
equation:

=al
A = (A,ﬁth—Afjm)P—exka—t} + A" (4)
a d

The parameters are as defined for Eq. (3), except that
t (min) is the time after the shift into saturating irradi-
ance and T, (min) is the time constant that character-
izes the increase in activity over time.

RESULTS

Rubisco activity in the diatom Thalassiosira weiss-
flogii is regulated in concert with photosynthetic rate
over a range of irradiances (Fig. 1). There was a linear
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Fig. 1 (A) Variation in photosynthesis, P (e), and Rubisco

activity in vitro, A" (0), with irradiance in Thalassiosira

weissflogii. (B) Relationship between A" and P in T. weiss-
flogii in duplicate cultures (e, data in (A)]
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Fig. 2. Time course of deactivation and activation of Rubisco

after reciprocal switches between saturating irradiance and

darkness. The dark period is indicated by the dark bar. Data

are for Thalassiosira weissflogii (e) and a natural assemblage

dominated by Skeletonema costatum (o) and have been nor-

malized to the initial value of AM Time constants, 14 and 1,,
were determined by fitting to Eqgs. (25) and (26)

relationship between Rubisco activity and photosyn-
thesis, although Rubisco was not fully deactivated in
darkness. The time constants of Rubisco's activation
and deactivation in a culture of T. weissflogii were sim-
ilar to those of a natural population of net phytoplank-
ton dominated by the diatom Skeletonema costatum,
although the ranges of activity differed (Fig. 2). The
time constants for deactivation were longer (16.1 and
14.3 min) than the time constants for activation
(3.2 and 2.6 min) and were similar to those determined
on nutrient-replete cultures of the diatoms Phaeo-
dactylum tricornutum and T. pseudonana (Table 2).
The time constants for photosynthetic induction
were shorter than those for activation of Rubisco but
were in some cases sensitive to the duration of the
period over which data were f{it to Eq. (2) (Fig. 3).
Where it occurred, this sensitivity to the duration of the
fit was caused by a fall-off in photosynthetic rate after
15 to 20 min and increased weighting by a preponder-
ance of data at the maximum rate of photosynthesis.

Because first-order rate reactions approach saturation
(i.e. 99% of the final rate) only for ¢t > 4.611, data for
which t, < £/4.61 cannot be considered reliable. For
this reason, estimates of T, based on the first 10 min or
less of the time course shown in Fig. 3 are assumed to
be inaccurate. The data are reported because there is a
systematic bias in T, with the duration of the fit and
estimates based on fits of 11 min or longer may be com-
promised by the decline in the light-saturated photo-
synthetic rate over time.

Estimates of 1, (measured over the initial 15 min of a
time course) showed little variation with time when sam-
ples were dark-adapted for 25 to 70 min (Fig. 4B) but
were frequently lower than 1, (Fig. 3, Table 2). Because
the light-saturated and initial rates of photosynthesis
(Vihiand Py were also sensitive to the duration of the
time course when derived by Eq. (2), both were esti-
mated by linear regression of the first and last 5 points in
the time course, respectively. The light-saturated rate
was higher than under steady-state conditions (Fig. 4C).
The decline in the initial rate of photosynthesis on re-
illumination was comparable to the decline predicted
from deactivation of Rubisco (Fig. 4C).

DEVELOPMENT OF THE MODEL

Research in vascular plants has shown that Rubisco’s
activity is regulated in response to changes in irradi-
ance and that there is a linear relationship between the
activation state and photosynthesis, irrespective of the
physiological mechanism by which Rubisco activity is
regulated (Seemann et al. 1990). The activation state 1s
also regulated in response to irradiance in phytoplank-
ton, as shown above for Thalassiosira weissflogii
(Figs. 1 & 2) and elsewhere (Mouget et al. 1993, Mac-
Intyre 1996, Maclntyre et al. 1996). The first assump-
tion of the model, that Rubisco activity is regulated in
response to irradiance, is therefore valid.

Table 2. Time constants for deactivation (t4) and activation (t,) of Rubisco and of photosynthetic induction (1,). Estimates were

made by fitting data to Egs. (2), (3) and {4) by non-linear least-squares regression and are presented as mean (SE) R? The means

and standard errors of pooled estimates of 14 and 1,, chosen as representative for the model simulations, are given below. The
natural assemblage, previously described by Maclntyre et al. (1996}, was dominated by Skeletonema costatum

Species Tq (Min}) T, (min) T, (min)

Phaeodactylum tricornutum 18.0 (3.1) 0.96 5.7 (1.6) 0.90

Thalassiosira weissflogii 16.1 (1.6) 0.99 3.2 (0.4) 0.97 1.8 (0.1)

Thalassiosira pseudonana 12.2 (1.0) 0.99 2.6 (0.4) 0.93 1.8 (0.5)
17.6 (2.3) 0.98 3.6 (0.8) 0.90 2.3 (0.3)

Natural assemblage 20.5 (8.5) 0.85 4.5 (1.1) 0.89 3.8 (1.6)
14.3 (2.6) 0.95 26 (1.0) 0.74 1.0 (0.3)

Pooled estimates 16.5 (2.9) 3.7 (1.2)
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Fig. 3. (A) Time course of carbon uptake over 20 min in a nat-
ural assemblage dominated by Skeletonema costatum. Phyto-
plankton were exposed to saturating irradiance after 60 min
in darkness. (B) Estimates of the time constant of photosyn-
thetic induction, t, (e), derived by fitting the data in (A} to
Eq. (2). Data are plotted against the period over which they
were derived. The dashed line is the boundary condition of
t/4.61 at which a first-order rate reaction reaches 99 % satura-
tion. Estimates above the line may be unreliable because the
light-saturated rate of photosynthesis, V" will be poorly con-
strained. However, feedback limitation, as evidenced by the
change in the slope at about 10 to 12 min (A), may lead to an
underestimate of 1, when the time constant is estimated from
longer time series. The estimate of 7, (0} is shown for compar-
ison. (C) Estimates of the light-saturated rate of photosynthe-
sis after photosynthetic induction, V", derived by fitting the
data in (A) to Eq. (2). Data are plotted against the period over
which they were derived

The light-saturated rate of photosynthesis is
assumed to be limited by maximum Rubisco activity in
vascular plants (Bjorkman 1981) and a correlation
between the two has been demonstrated in phyto-
plankton (Rivkin 1990, Mouget et al. 1993, MaclIntyre
et al. 1996). Rubisco activity in vitro is lower than the
rate of photosynthesis in most chromophytes (Bush &
Sweeney 1972, Mukerji & Morris 1976, Glover & Mor-
ris 1979, Whitney & Yellowlees 1995, MacIntyre et al.
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Fig. 4. (A) Time course of carbon uptake over 20 min in Tha-
lassiosira weissflogii. Cultures were exposed to saturating
irradiance at steady state and after 25, 45 and 70 min in
darkness. Curves have been offset for ease of comparison.
(B) Variation in estimates (= SE) of the time constant of photo-
synthetic induction, 1, derived by fitting the data in (A) to
Eq. (2). Estimates are from fits over the first 15 min of induc-
tion. (C) Estimates of the light-saturated rate of photosynthe-
sis after photosynthetic induction, V&' (o), and the initial rate
of photosynthesis, Pf"(e). The steady-state rate {0) is shown
for comparison. The dashed line is a non-linear regression of
Plon the duration of dark adaptation, with the time con-
stant held at 16.5 min

1996) but we assume that this is due to the instability of
the enzyme in vitro (Whitney & Yellowlees 1995, Mac-
Intyre 1996) rather than an alternative limiting factor
in vivo. However, there are 2 conditions where the
light-saturated rate will not be limited by Rubisco
activity: under conditions that lead to photoinhibition
or to feedback limitation. Photoinhibition occurs when
the rate at which excitation energy is absorbed ex-
ceeds the ability of the cell to dissipate 1it, causing
damage to the photosynthetic reaction centers and
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resulting in a reduction in the light-saturated rate of
photosynthesis (Neale & Richerson 1987). Feedback
limitation of photosynthesis occurs when the limiting
reaction in photosynthesis passes from carboxylation
by Rubisco to utilization of triose phosphate and the
subsequent regeneration of the substrate for carboxy-
lation, ribulose bisphosphate (Sharkey et al. 1986,
Sharkey 1990, Sassenrath-Cole et al. 1994). When
feedback limitation occurs, Rubisco is down-regulated
and the rate of photosynthesis declines. There is some
indication that feedback limitation occurs in the data
presented above and elsewhere (Maclntyre et al
1996): when a natural assemblage was dark-adapted
and exposed to saturating irradiance, Rubisco activity
was higher than before the dark period (Fig. 2) and the
light-saturated rate of photosynthesis was higher than
at steady state in Thalassiosira weissflogii (Fig. 4). If
either photoinhibition or feedback limitation occurs
under the mixing regime described below, the model
will not be able to account for their effects and the sec-
ond assumption, that the light-saturated rate of photo-
synthesis is determined by the maximum activity of
Rubisco, will be invalid. However, we consider these to
be second-order phenomena that act to modify the
basic assumption relating light-saturated photosynthe-
sis to maximum activity of Rubisco.

Research on vascular plants has shown that the
rate-limiting step during photosynthetic induction is
likely to be the light-sensitive activation of Rubisco
(Woodrow & Mott 1989, Lan et al. 1992, Sassenrath-
Cole et al. 1994). The time constants for photosyn-
thetic induction described above are consistently
shorter than those for Rubisco activation (Table 2).
This may be due to the inadequacy of a first-order
rate description (Eq. 2) to describe induction. Activa-
tion of Rubisco is biphasic (Woodrow & Mott 1992),
with an initial rapid activation of the effector Rubisco
activase followed by activation of Rubisco itself. Fur-
ther, the initial limiting step in induction may be the
light-dependent regeneration of a pool of the sub-
strate RuBP, after which photosynthesis is limited by
activation of Rubisco (Sassenrath-Cole & Pearcy 1992,
Sassenrath-Cole et al. 1994). The kinetics of photo-
synthetic induction are, therefore, more complex than
the simple description provided by Eq. (2). Regenera-
tion of the RuBP pool is very rapid in comparison to
activation of Rubisco, though, so we assume that the
third assumption, that the kinetics of Rubisco’s activa-
tion are a suitable proxy for photosynthetic induction,
is generally valid.

There is oblique experimental support for the fourth
assumption, that the kinetics of Rubisco's deactivation
are a suitable proxy for photosynthetic deactivation.
The initial rate of photosynthesis, which is a proxy for
the state in which the photosynthetic apparatus is

poised in darkness, shows a decline whose time course
is consistent with that of deactivation of Rubisco
(Fig. 4C).

The effect of mixing-induced fluctuations in irradi-
ance can be considered by comparing steady-state and
non-steady-state estimates of photosynthetic rates for a
cell moving with a defined trajectory though the mixed
layer. Here, and subsequently, the steady-state photo-
synthetic rate is defined as the rate measured in a PI
curve. When such a curve is used to estimate produc-
tion in a water column, there is an implicit assumption
that photosynthesis in the water column is at steady
state. This is possible only if the photosynthetic
response to a change in irradiance caused by mixing is
more rapid than the change in irradiance itself (Lewis
et al. 1984, Cullen & Lewis 1988). In contrast, the non-
steady-state rate takes into account the lag in the
photosynthetic response to a change in irradiance that
occurs as the photosynthetic apparatus adjusts from
one rate of photosynthesis to another. This is equiva-
lent to estimating production from a photosynthesis-
irradiance-time curve. The lag In response is defined
here in terms of the time constants of Rubisco activa-
tion and deactivation. The change in irradiance is
imposed by a cell’s trajectory as it is mixed through the
photic zone.

Defining a mixing-induced trajectory

We assume that a cell's trajectory through the mixed
layer can be based on a random-walk model. The cell
is introduced into the middle of the mixed layer and its
motion is defined by iterative moves, whose direction
has an equal and random probability of being up or
down. The change in depth in the discrete time inter-
val At is defined by a coefficient of diffusivity, K,, with
an equal probability of being up or down:

2, = zpa £V 2K,AL (5)

Diffusivity was assumed not to change with depth.
The mixed layer is bounded by 2 reflective surfaces,
the surface and the depth of the mixed layer, z,, so that
there is no trapping at either interface. The depth
through which the cell can move is limited such that
Zn2220.

Steady-state rate of photosynthesis

The steady-state estimate of photosynthesis is defined
as the Plrelationship in Eq. (1), which can conveniently
be rendered dimensionless with respect to irradiance by
noting that the saturation parameter I, is equivalent to
Prcnhl/a chl:
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/ pchly (=1
penl - plﬁh{1~exp! L (O P-f.!""h—eka'[I ﬂ (6)
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Eq. (6) can be rendered dimensionless with respect to
photosynthesis by normalizing to the light-saturated
rate, P

Pchl (=T

Pk:__l— = 1—expl I - | (7)
m N 'S

SP- —

where °*P° is a dimensionless rate such that 0 <
SPT< 1.
From Eq. (7), photosynthesis at depth z is given by:

‘P = 1—exp[i) (8)
Iy
where [, is the irradiance at depth z. I, can be deter-
mined from the diffuse attenuation coefficient, k, and
incident irradiance, I, as:

I, = Iyexp(-kz) 9)

Eq. (8) can then be expressed as:

Po=1- exp[i_l0 exp(—kz)) (10)
Iy

The steady-state rate of photosynthesis can be calculated
from Eq. (10) at any depth z, given values of kand I /I,.
As a cell moves through the photic zone, the instanta-
neous rate of photosynthesis at time ¢ can be calculated
from its trajectory (i.e. the variation of z with ¢), given by
Eq. (5), when the mixing depth, z,, and diffusivity, K,
are specified. The steady-state rate depends on the ex-
plicit assumption that the change in photosynthetic rate
proceeds more rapidly than the mixing-induced
change in irradiance (i.e. that photosynthetic response
does not lag behind a change in irradiance).

Non-steady-state rate of photosynthesis

The non-steady-state rate of photosynthesis is deter-
mined by modulating Eq. (10) to account for the time-
dependent rates of activation and deactivation. Activ-
ity i1s treated as a dimensionless variable such that 0 <
A' <1 (cf. Eq. 7). This assumes that the change in ac-
tivity and the change in photosynthesis are linearly
related (Fig. 1) and therefore saturate at the same irra-
diance, I,. At steady-state:

P = A° = l—exp: : [- (11)

k /

The change in A" with time can be defined for each
step in the trajectory, depending on the initial value of
A" (A[_y) and the value of P after the step (°P;). Where
*P; is higher than A;,, the activation state will
increase. Where °P; is lower than A;_,, the activation

state will decrease. (Where °P;is equal to A;_,, the acti-
vation state will not change.) Changes in the activation
state are defined in dimensionless terms by normaliz-
ing Eqs. (3) and (4) to the range of activation, AZ" - A
For deactivation:

A.Chl _ A,r|hl N
Al = — = = eXp(- - (12)
ARt - A Tg /
and for activation:
Achl _ pchl —t
A = —A’Chl A:;’” = 1—exp<T J (13)
m a

Thus for each step from A;_; to A}, where °P;< A,

. . —At
Al = Aln exp[ j (14)
T4

and for each step when *P*, > A/,

A= ALy +(1- A,:m)[l ~exp| ! ﬂ (15)

a
Note that an additional correction (1 — A;_ is intro-
duced to constrain the dynamic range of activation state
between the prior level (A}_,,) and the maximum (1). Fi-
nally, the non-steady-state rate of photosynthesis, "P",
depends on whether or not A" exceeds *P*. For A® <*P":

npe - A* {16)
and for A® > sP*%:
npr = sp* (17)

This relationship forces "P® < °P®, on the assumption
that photosynthesis is limited by irradiance when
Rubisco activation exceeds the steady-state condition.
Embedded in this treatment is the assumption that
there is no short-term increase in the light-saturated
rate of photosynthesis above the steady-state rate. The
model does not allow for any enhancement of photo-
synthesis above P that may arise if feedback limita-
tion of photosynthesis or photoinhibition are alleviated
under non-steady-state conditions. The deactivation of
the photosynthetic apparatus has no instantaneous
effect on photosynthetic rate, but determines the start-
ing point from which it must be induced on the next
increase in irradiance.

Achieved photosynthesis, the reduction caused by
the decline in "P° relative to *P", is defined as the ratio
of the integrals of "P® and *P* with respect to time:

jw“P‘(t]dt
R = 10 — (18)
j pe(t)de

t=0
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Fig. 5. Variation in the depths of the photic zone (zq,), mixed
layer (z,. defined as the depth in which the density gradient
is less than 1 kg m™®) and chlorophyll concentration (Chl)
down the salinity gradient in Delaware Bay. Data were col-
lected on 3 to 10 d cruises in August 1991 (o), July 1992 (o),
August 1993 (a), April 1992 (e) and April 1995 (mj. Note the
pronounced spring bloom in the 5 to 20 PSU range

Defining the input parameters

The model requires specification of 7 input parame-
ters: the attenuation coefficient (k), the mixed depth
(zw), Incident irradiance (l,/I}), diffusivity (K,), and
the time constants of activation and deactivation of
Rubisco (1, and t4). The first 3 are set by the range of
values measured in 2 estuaries: Delaware Bay, a rela-
tively deep and weakly stratified estuary, and San
Antonio Bay, a shallow lagoonal estuary. Values of the
input parameters in the 2 bays are given in Table 3.
The depths of the photic zone and mixed layer in

Delaware vary systematically along the salinity gradi-
ent (Fig. 5), so the representative data are for the range
5to 20 PSU, the area in which the spring bloom devel-
ops (Pennock & Sharp 1986). Lacking direct estimates
of diffusivity, a range of values that is typical of weakly
stratified estuaries (1-10 x 107° m? s7}, equivalent to
10-100 cm? s}, R. W. Garvine pers. comm.) were used.
Because of the modest variability in the time constants
for Rubisco activation and deactivation, 1, and 14
(Table 2), the mean values (3.7 and 16.5 min) were
used. To prevent errors from mismatched time scales,
each simulation was run with a 2 s time step so that
each step was much shorter than either time constant.
Each simulation was allowed to run for 24 h (43200
iterations).

MODEL PREDICTIONS

Representative simulations are shown for the deep
bay and shallow bay conditions (Fig. 6). Both were run
under the same conditions of irradiance and diffusivity
but differed in the attenuation coefficient and depth of
the mixed layer (Table 3). The 2 simulations differ in
the characteristic range and rate of change of irradi-
ance, the driving force for the model. The deep bay
simulation encompasses a wider range of irradiance
because the mixed layer is equivalent to 11 optical
depths (z.,:z, = 0.42), as compared to the 7 optical
depths in the shallow bay simulation (z.,:z, = 0.66).
However, the intrinsic rate of change is lower in the
deep bay simulation because the photic zone is deeper
(2.3 m vs 1.2 m for the shallow bay) although the diffu-
sivity is the same. Transients across the photic zone are
slower in the deep bay simulation than in the shallow
bay, so that the photosynthetic response more closely
approaches steady state.

The differences between the steady-state and non-
steady-state responses are shown in Fig. 7 There is a
wider divergence between the two in the shallow bay

Table 3. Range of model input parameters as measured in Delaware Bay (DE, USA) and San Antonio Bay (TX, USA). Data are pre-
sented as the range (mean and SD in parentheses). Biomass and productivity data are shown for comparison. Productivity data are
from “Pennock & Sharp (1986) and "Maclntyre & Cullen (1996). Deep Bay and Shallow Bay are the conditions chosen for the model

simulations

Location k Zey Zm To/1y Chl Productivity
(m™) {m] (m) (mg m™) (gCm?d

Delaware Bay 0.8-6.4 0.7-5.8 1.1-12.1 0.1-13.6 4.3-62.7 0.3-2.5"
(2.2,1.2) (2.1, 1.2) (5.5, 2.1) (5.8,4.2) (32.6, 16.4)

San Antonio Bay 0.7-15.3 0.3-6.6 1.3-2.5 0.1-35.0 3.2-47.8 0.1-2.5°
(4.2,2.7) (1.1, 1.4) (1.8, 0.3) (8.2, 7.5) (15.3, 10.4)

Deep Bay 2.0 2.3 5.5 8

Shallow Bay 4.0 1.2 1.75 8
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Fig. 6. Representative segments of model
runs for the deep bay conditions (panels at

)

left) and shallow bay conditions (panels at
right). The panels show the trajectory of a
cell (z) over 30 min, the irradiance that it
experiences (l/l;), the steady-state and
non-steady-state values of Rubisco activity

981

i ' ' (A, solid and dashed lines, respectively}
and the steady-state and non-steady-state
values of photosynthesis (P°, solid and
dashed lines, respectively). Deep bay con-
ditions are: z, = 5.5mand k=2 m™' Shal-
low bay conditions are: z, = 1.75 m and k =

A annl
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simulation than in the deep bay simulation. In the shal-
low bay, the envelope of non-steady-state responses
does not reach the steady-state boundary where irradi-
ance is higher than twice the saturating irradiance
(Ip/I, > 2). This divergence translates to a greater over-
estimate of production at high irradiance and a larger
error in estimating areal production from steady-state
rates than in the deep bay. Achieved photosynthesis is
88 % of the steady-state prediction in the deep bay
simulation and 82 % of the prediction in the shallow
bay simulation.

20 25 30 4 m™! In both simulations K, = 5 x 107% m?

s71 Iy/I, = 8, Ty = 16.5 min and 1, = 3.7 min

The model is driven by the range and rate of change
of irradiance. It is instructive to compare the sensitivity
of achieved photosynthesis to the parameters that de-
fine the rate at which irradiance changes (the attenua-
tion coefficient, incident irradiance and diffusivity) and
the parameters that define the cell's response to
changes in irradiance (the time constants). Changing
the value of one parameter while holding the others
constantis not realistic. For instance, an increase in tur-
bulence will result in an increase in turbidity in shallow
water because of benthic resuspension and may result

Fig. 7. Variation of steady-state (o, solid line)
and non-steady-state (@) rates of photosyn-
thesis, P°, predicted by the model under
mean deep bay and shallow bay conditions

as a function of irradiance, I/],, and depth, z.
(A, C) Deep bay conditions. (B, D) Shallow
bay conditions
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in a deepening of the mixed layer as density stratifica-
tion is eroded. However, varying each parameter in
turn does yield a better understanding of the sensitivity
of the model, though not the interaction of its inputs. In
the following sensitivity analyses, the deep bay and
shallow bay differ in both the attenuation coefficient
(and therefore the depth of the photic zone) and the
depth of the mixed layer. The difference in the set para-
meters is designed to illustrate differences between
characteristics of a shallow, turbid estuary and those of
a relatively deep and clear estuary, rather than simply
to compare a shallow with a deep estuary.

Sensitivity to the attenuation coefficient

The attenuation coefficient, k, was varied across the
range of measured values (Table 3). Because the ran-
domly varying trajectories of a cell in the model cause
some variation in estimates of achieved photosynthesis
between runs, the predictions from 10 model runs
(each of 43200 iterations) were averaged for each
input value. Achieved photosynthesis declined with an
increase in attenuation (Fig. 8A), falling to 0.6 in the
extreme case. There was a divergence between the
simulations for the shallow bay and the deep bay. The
range of irradiance experienced by the cell was higher
in the deep bay than in the shallow bay (Fig. 8B),
because of the deeper mixing, although the rate of
change of irradiance was the same for a given value of
attenuation. Achieved photosynthesis was lower in the
deep bay because the wider range of irradiance corre-
sponds to a wider range of activation states (Fig. 8C},
hence a more pronounced lag in activating photosyn-
thesis when the cell is mixed to the surface. Fig. 8A
also illustrates the effect of changing the depth of the
mixed layer under given conditions of attenuation.
Deeper mixing results in a decrease in achieved photo-
synthesis because the range of activation, and so the
margin by which the photosynthetic apparatus must
‘catch up’ increases.

Sensitivity to irradiance

Achieved photosynthesis was less sensitive to
changes in irradiance than to changes in attenuation,
when each was varied over its observed range (the
minimum value was 0.81; Fig. 9A) and was consistently
lower in the shallow bay. In both simulations, there
was a minimum at intermediate irradiance. The reason
for this lies in the range of irradiance experienced in
each simulation, which determines the range over
which Rubisco activity and therefore the photo-
synthetic rate must change in a given time step in the

model run. If the range is small, the rate at which the
photosynthetic apparatus responds to a change in
irradiance approaches the rate at which irradiance
changes. Photosynthesis reaches 99% of saturation
when [j/I, = 4.6. As irradiance increases up to this
point, the range of photosynthetic rates in the water
column increases and the effect of a lag in response
becomes more pronounced (Fig. 9B, C). There is little
change in achieved photosynthesis at higher irradi-
ances In the deep bay simulation because the water
column encompasses the entire range of activation
states (Fig. 9B). The slight increase in achieved photo-
synthesis occurs because more of the water column is
at saturating irradiance and cells mixed toward the

1.0
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Fig. 8. (A) Variation in achieved photosynthesis, R™s, with
attenuation, &, for deep bay (e) and shallow bay {0) simula-
tions. Each datum is the mean = SE of 10 model runs. (B) Vari-
ation of irradiance, I,/I,, with depth, z, for k=1, 4 and 7 m™%.
(C) Variation of steady-state photosynthesis, *P*, with depth,
z for k=1,4 and 7 m™' The dotted and dashed line are the
mixing depths for the deep bay and shallow bay simulations
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Fig. 9. (A) Variation in achieved photosynthesis, R™s, with
irradiance, Iy/Iy, for deep bay (e) and shallow bay (o) simula-
tions. Each datum is the mean x SE of 10 model runs. (B) Vari-
ation of steady-state photosynthesis, *P*, with depth. z, under
deep bay conditions for [y/fy = 1, 5 and 15. The dotted line is
the depth of the mixed layer. (C) Variation of steady-state
photosynthesis, *P", with depth, z, under shallow bay condi-
tions for Iy/I, = 1, 5 and 30. The dashed line is the depth of the
mixed layer

surface are more likely to be acclimated to saturating
irradiance. The more pronounced increase in achieved
photosynthesis at higher irradiances in the shallow bay
simulation occurs because of the shallow mixed depth.
An increase in irradiance through the water column
results in a smaller range of activation states (Fig. 9C).
The lag imposed by activation of Rubisco therefore
becomes less pronounced.

Sensitivity to diffusivity
When diffusivity was varied over the range expected

in a weakly stratified estuary, achieved photosynthesis
declined with increasing turbulence (Fig. 10). The

1.0 — . . . —

0.9{ ® . 1
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Fig. 10. (A) Variation in achieved photosynthesis, RS, with
diffusivity, K, for deep bay (e) and shallow bay (¢) simula-
tions. Each datum is the mean + SE of 10 model runs. (B) Vari-
ation of activation state, A°, with depth, z, under deep bay
conditions. The dotted line is the depth of the mixed layer. (C)
Variation of activation state, A®, with depth, z, under shallow
bay conditions. The dashed line is the depth of the mixed
layer. Predictions of A® from one model run were grouped into
10 bins and averaged. In (B) and (C), data are for steady state
(heavy solid line} and non-steady state at K, = 1 and 10 x
103 m? 5! (dotted and thin solid lines, respectively)

range of achieved photosynthesis (minimum of 0.82)
was comparable to that observed over the range of
irradiance and less than that over the range of attenu-
ation. There was a systematic difference between the
deep bay and shallow bay simulations. The initial
decline was more rapid for the shallow bay than for the
deep bay but there was little further reduction beyond
the mid-range of diffusivity. In the deep bay, achieved
photosynthesis declined over the entire range of diffu-
sivity. This arises because of the characteristic rate of
change of irradiance under the 2 conditions. As irradi-
ance varies more rapidly, the cell's ability to track
changes declines and the activation state becomes
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more homogenous through the water column. The rate
of change is higher in the shallow bay because of its
higher turbidity, as reflected in profiles of the activa-
tion state (Fig. 10B, C).

Sensitivity to the time constants of activation and
deactivation

The time constants of activation and deactivation, 1,
and t4, showed relatively little variability between spe-
cies (Table 2). The sensitivity of achieved photosynthe-
sis to changes in the response time of the photosyn-
thetic apparatus was examined by running simulations
under both deep bay and shallow bay conditions using
values of 1, and 14 + 2 standard deviations from the
pooled mean (Fig. 11). Achieved photosynthesis varied
with the rate of deactivation, but changes in 14 resulted
in only modest changes, except where the rate of acti-
vation was high. Achieved photosynthesis was more
sensitive to the rate of activation, with which it is
inversely correlated. When the photosynthetic appara-
tus responds rapidly to an increase in irradiance (when
1, is low), non-steady-state photosynthesis approaches
the steady-state rate and achieved photosynthesis
approaches unity. Conversely, when the response is
slow (when 1, is high), the lag in non-steady-state
photosynthesis is more pronounced and achieved pho-
tosynthesis declines. The sensitivity to the rate of acti-

T4 (min)

1, (mMin)

Fig. 11 Variation in achieved photosynthesis, R™s, with the
time constants of deactivation and activation, 14 and t,, for
(A) deep bay and (B) shallow bay conditions. Contours are of
R"s and were derived by varying 14 and T, in increments of
1 min. (@) Mean values of 14 and 1,. The concentric ellipses are
the boundaries of 1 and 2 standard deviations from the mean

vation is damped when the rate at which the photo-
synthetic apparatus is deactivated is slow because the
photosynthetic apparatus is more likely to be over-
activated at low irradiance. The sensitivity of achieved
photosynthesis to variation in the time constants is
more pronounced when the rate of change in irradi-
ance is high (i.e. in the shallow bay condition).

COMPARISON OF MODEL PREDICTIONS WITH
PUBLISHED RESULTS

Several studies have compared production in static
incubations with production in incubations that simu-
late mixing in estuarine waters. The predictions of the
model can be compared with the findings of 3 of them.
The first study (Yoder & Bishop 1985) was conducted in
Wassaw Sound, Georgia, USA. The mixed layer was
5 m deep and the attenuation coefficient ranged be-
tween 0.95 and 2.9 m™! (mean, 1.5 m™!), comparable
with the deep bay conditions. Bottles were incubated
for 3.5 h at fixed depths or stepped through the water
column at rates of 1, 2.5 and 5 m every 10 min, compa-
rable to diffusivities of 0.8, 5.2 and 20.8 x 10* m?s7}, a
wider range than tested here. The Plrelationship from
the fixed-depth bofttle incubations was used to esti-
mate production in the moving bottles, based on the
irradiance to which they had been exposed. Individual
observations of achieved photosynthesis (i.e. the ratio
of predicted to observed production) varied between
0.7 and 1.7. A regression of predicted on observed pro-
duction had a slope of 1.11 + 0.08 (R? = 0.89), equiva-
lent to mean achieved production of 0.90. When 1 of
the 8 sets of experiments was omitted, the slope fell to
1.02 £ 0.06 (R? = 0.95), equivalent to achieved produc-
tion of untty. The model was run over the reported
ranges of attenuation and diffusivity and predicted
achieved photosynthesis of 0.74 to 0.98 (Fig. 12A).
These estimates fall within the range of observed data
and, at the lowest diffusivity, within 1 standard error of
the reported slope. However, the model underesti-
mated production when compared with the restricted
data set, which comprised 41 of the 47 observations.

The second study (Mallin & Paerl 1992) was conducted
in the Neuse River Estuary, North Carolina. The bay was
well mixed to the bottom, at 3.4 m, and the attenuation
coefficient ranged between 0.86 and 1.4 m™'. The mixing
depth was therefore intermediate between the deep bay
and shallow bay conditions but the water was much
clearer than in either. Samples were incubated under
simulated in situ conditions under static or fluctuating ir-
radiance. The simulated mixing had a 25 min cycle, com-
parable to a diffusivity of 30.8 x 1073 m? 57!, Static incu-
bations showed pronounced surface photoinhibition and
in 3 of the 7 comparisons, there was a significantincrease
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Fig. 12. Comparison of the model's predictions of achieved photosynthesis,
R™s, as a function of turbidity, zp.Zey, with published data. Note the different
ranges of z,:z,, between data sets. Input values of z, and z,, are shown on
each panel. (A) Comparison with data of Yoder & Bishop (1985). Predictions
were calculated for diffusivities of 0.9 x 1073 (e), 5.2 x 107 (m) and 20.9 x 1073
(a) m?2s7' The solid line is the slope of a regression of observed on predicted
productivity. Dashed lines are + 1 SE. (B) Comparison with data of Mallin &
Paerl (1992). Observed values of achieved photosynthesis that are (o) and are
not (0) significantly different from unity are compared with predictions (e) that
were calculated for diffusivities of 30.8 x 107° m? s™!. The solid line is the slope
of a regression of observed R™ on z,:z.,. Dashed lines are 95% confidence
limits of the regression. (C) Comparison with data of Randall & Day (1987).
Observed values of achieved photosynthesis that are (o} and are not (0) signif-
icantly different from unity are compared with predictions (e} that were calcu-
lated for diffusivities of 1.25 x 107® m? s7! The solid line is the mean value of
observed R"s. Dashed lines are = 1 SD. (D) Comparison with data of Randall &
Day (1987). Observed values of achieved photosynthesis that are (o) and are
not (0} significantly different from unity are compared with predictions (e) that
were calculated for diffusivities of 2.5 x 107* m? s7! The solid line is the slope
of a regression of observed R™s on zy:z,,. Dashed lines are 95% confidence
limits of the regression. All simulations were calculated with [,/I, = 8

1.3 and 2.5 x 107> m? s7!. When bottles
were cycled every 60 min, there was no
significant difference in production be-
tween static and cycled incubations in 5
of 10 experiments. There was no signifi-
cant relationship between achieved
photosynthesis and turbidity (Fig. 12C).
The predictions of the model, achieved
photosynthesis of 0.65 to 0.92, fell
within 1 standard deviation of the mean
of the observed values. When bottles
were cycled every 30 min, there was a
significant difference in production be-
tween static and cycled incubations in 7
of 10 experiments. Production in the cy-
cled bottles was lower and decreased as
turbidity increased. The model's pre-
dictions of achieved photosynthesis
showed the same pattern, declining
from 0.89 to 0.59 (Fig. 12D) over the
same range of turbidity. The predictions
fell within the 95% confidence limits of
the regression, although there was a dif-
ference in the trends.

DISCUSSION

The model predicts that the decline in
achieved photosynthesis due to mixing
will be more pronounced in a shallow
and turbid estuary than in a deeper and
clearer one because the lag in non-
steady-state photosynthesis is most pro-
nounced at high turbidity. Varying the
remaining input parameters (mixing
depth, irradiance and diffusivity) has
comparatively little effect. The model
predicts that there will be relatively little
reduction in achieved photosynthesis at

in production with mixing. Achieved production in-
creased with turbidity, as expressed by the ratio of
mixing depth to photic depth, with a peak value of 1.36
{Fig. 12B). In contrast, the model predicted a decline with
turbidity from 0.94 to 0.87 over the same range. The
predictions of the model fell outside the 95 % confidence
limits of the reported data.

The third study (Randall & Day 1987) was conducted
in Fourleague Bay, Louisiana. The bay was well mixed
and shallow {average depth 1.5 m) and the attenuation
coefficient ranged between 3 and 11 m™!, comparable
with the shallow bay conditions. Bottles were incubated
at the surface, at 1 Secchi depth, at 2 Secchi depths and
at the bottom or were cycled through the depths in 60
and 30 min cycles. This is comparable to diffusivities of

low irradiance (values of Iy/I; that are less than 5) but
these are conditions that are usually found only on very
overcast days or at the beginning and end of the pho-
toperiod. The wide ranges reported for Delaware Bay
and San Antonio Bay in Table 3 are due to a high fre-
quency of sampling at dawn and dusk. There is likely to
be a strong secondary effect of changes in diffusivity,
particularly in shallow waters, because high turbulence
can result in benthic resuspension and an increase in
turbidity. Varying the biological response time by more
rapid activation or slower deactivation ameliorated the
reduction in achieved photosynthesis. The change was
relatively small. changes of 1 standard deviation from
the mean caused a difference in achieved photosynthe-
sis of ca 0.03 for mean values of 0.80 to 0.92.
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It is important to distinguish between the error in
estimating production from steady-state rates of photo-
synthesis and the magnitude of the estimate per se.
The conditions under which the most extreme reduc-
tions in achieved photosynthesis occur, the high turbu-
lence and turbidity associated with resuspension in a
shallow bay, are also the conditions under which pro-
duction is lowest. While the magnitude of the error is
greatest under these conditions, and might be as high
as a 100% overestimate of production, production
itself is likely to be only 30 to 45 % of production under
normal (mean) conditions. Even so, the model predicts
that productivity estimates based on steady-state rates
of photosynthesis will overestimate production by 14
and 22 % under average conditions in the 2 systems.
Before accepting these predictions, there are 3 other
factors that should be considered: the vertical variation
of diffusivity, the effect of mixing on alleviating photo-
inhibitory stress, and the effect of mixing in reducing
feedback limitation of photosynthesis.

The changes in irradiance predicted by the model
were based on the assumption that diffusivity does not
vary with depth, an assumption unlikely to hold for ei-
ther the deep or the shallow bay. In both bays there will
be mid-depth maxima in diffusivity because of shear
associated with the bottom, or, where it exists, a pycno-
cline, and with the air-water interface (Bowden 1977%).
The practical outcome of this is that cells will tend to be
trapped at the bottom and surface of the mixed layer
and the rate of change in irradiance in both regions will
be reduced. Where much of production is light-satu-
rated, the error in estimating production from steady-
state rates of photosynthesis will be reduced.

Trapping at the surface can also cause a reduction in
production where cells remain at high irradiance for
long enough to experience photoinhibitory irradi-
ances. Such surface photoinhibition is most likely to
occur in situations where there is diel stratification of a
water column (Vincent et al. 1984, Neale & Richerson
1987), but photoinhibition has been inferred to occur
from fluorescence in surface waters of the representa-
tive deep bay, Delaware Bay (T. M. Kana, R. J. Geider
& H. L. MacIntyre unpubl. data), and throughout the
water column in the well-mixed and turbid waters of
the representative shallow bay, San Antonio Bay (Mac-
Intyre & Cullen 1996). Where production estimates
from moving and fixed-depth incubations have been
compared, the enhanced production seen in the mov-
ing bottles has been attributed to artefactual surface
photoinhibition in the control, fixed-depth incubations
(Marra 1978a, b, Randall & Day 1987, Mallin & Paerl
1992). The increase in achieved photosynthesis with
turbidity in Mallin & Paerl's (1992) data (Fig. 12B} is
counter-intuitive: photoinhibition would usually be
most pronounced in the clearer water. The trend may

have arisen because the assemblages at high turbidity
were acclimated to lower irradiance before the incuba-
tion and so more prone to photoinhibition. The model
does not account for photoinhibition, although it could
be incorporated by adding an irradiance-weighted
term to do so (cf. Pahl-Wostle & Imboden 1990, Franks
& Marra 1994).

Where there is no surface inhibition in the fixed-
depth bottles, there may be no difference between the
static and mixed incubations (Yoder & Bishop 1985).
The reduction in production in mixed bottles described
by Randall & Day (1987) occurred even though there
was surface inhibition in half of the static incubations.
These data were collected from very turbid waters and
the authors attributed the reduction at high turbidity in
the rapidly mixed samples to limitation by induction,
the mechanism on which our model is based. The dif-
ference in the trends between the model’s predictions
and the experimental data may have been due to the
photoinhibition observed in the controls, if there was a
higher likelihood of photoinhibition at low turbidity.
The good agreement between the model’s prediction
and Randall & Day's (1987) data suggest that the model
may have some validity.

Even where photoinhibition has not been found to be
an influence in comparisons between fixed-depth and
moving bottle incubations (Marra 1978b, Yoder &
Bishop 1985), there may be differences between the
treatments. Estimates of the light-saturated rate of
photosynthesis are sensitive to the duration of expo-
sure, declining even during incubations of less than
1 h in length (Marra 1978b). Conversely, the light-
saturated rate of photosynthesis rises after short (25 to
70 min) dark adaptation (Fig. 4), which we have
argued previously is due to the alleviation of feedback
limitation of photosynthesis (Maclntyre et al. 1996). If
the onset of feedback limitation is prevented by alter-
nation of saturating irradiance and low irradiance or
darkness, as occurs during mixing, then the light-satu-
rated rate of photosynthesis can be higher in mixed
than in static incubations, without any photoinhibitory
decrease in production in the static controls. This could
account for the tendency of the model to underestimate
the achieved photosynthesis described by Yoder &
Bishop (1985). In that study, the moving bottle incuba-
tions were switched between the bottom and surface
(<1 and 100% of incident irradiance, respectively)
every 10 min at the highest diffusivity. If feedback lim-
itation does not occur for the first 10 min in saturating
irradiance (cf. Fig. 4), this will cause an enhancement
that could offset the decline in achieved photosynthe-
sis predicted by the model. Under these circumstances,
mixing would enhance photosynthesis without any
alleviation of photoinhibition, as suggested by Marra
(1978b). While the model does not account for a reduc-
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tion in the steady-state rate of photosynthesis due to
feedback limitation, it could be modified to do so by
incorporating time constants for the recovery and
decline of the light-saturated rate of photosynthesis.
Such a model would be functionally similar to the
model proposed by Pahl-Wostle & Imboden (1990).

SUMMARY

We present a simple, mechanistic model that des-
cribes the effect of mixing on achieved photosynthesis
under conditions typical of estuarine systems. The
model is based on the activation and deactivation of
Rubisco and predicts that a decline in non-steady-state
photosynthesis will be greatest in turbid, rapidly mixed
waters and will be more severe in deep than shallow
waters. The predictions of the model compare favor-
ably with published data in a shallow, turbid bay, the
conditions under which the model predicts the greatest
reduction of photosynthesis. The model tends to over-
estimate the negative effect of mixing in a deeper and
clearer bay, possibly because of a compensating
increase in production due to a reduction in feedback
limitation of photosynthesis. The mechanisms included
in the model do not include photoinhibition, so the
model cannot account for any enhancement of produc-
tion by mixing that was caused by photoinhibition in
static controls.
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